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ABSTRACT
The paper reviews the status of glacier mapping with special
reference to the Indian Himalaya. The review provides information
on various satellite remote sensing data interpretation methods
used with special emphasis laid on recent semi-automated algo-
rithms used for glacier and debris-cover mapping, along with their
limitations and challenges. Further, the pragmatic solutions on
oﬀer are discussed, and the emerging areas of glacier mapping
research are highlighted. The review also touches – contribution of
Survey of India (SOI) and Geological Survey of India (GSI) in the
glacier mapping. Finally, it discusses the wider range of spatial and
spectral domains in which remote sensing data helps to inven-
tories glaciers. The review also identiﬁes gaps in using the latest
techniques like Unmanned Aerial Vehicles (UAVs) and machine
learning algorithms to improvise on the ongoing eﬀorts. At last,
the review provides an exhaustive list of references on glacier
mapping from the Indian Himalaya as beneﬁt to readers.
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1. Introduction
1.1. Rationale of the glacier mapping
In order to examine the earth surface dynamics and landscape evolution through time,
mapping of landforms and surface features by means of remote sensing and/or ﬁeldwork is
a well-established practice in Earth Sciences (Chandler et al. 2018). Among these, mapping
of glaciers bears great signiﬁcance as these are known proxy for global climate change
(Oerlemans 2005). The glacial extent is a primary input for most of the glaciological studies
and numerous hydrological modelling (Shukla 2009). Precise information about the extent
and distribution of glaciers is needed for many other research applications, e.g. water
resource management, mitigation of glacial hazards and estimation of the past and the
future contributions of glaciers to sea-level change (Rastner et al. 2014). To represent spatial
morphology of glaciers on the map is the principal objective of glacier mapping (Bhambri
and Bolch 2009). Traditionally, ‘direct’ glaciological methods were used to estimate the
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glacier mass balance, whereas the increased availability and improved quality (spatial and
spectral resolution) of satellite imageries allow fast and cost-eﬀective monitoring of glacier
parameters. Moreover, using recent geospatial tools (e.g. remote sensing, Digital Image
Processing (DIP), Geographic Information System (GIS) and spatial data integration and
modelling), 2D/3D mapping of glacier terrain is possible for better visualization (Bolch,
Menounos, and Wheate 2010). Satellite data has made it possible to observe glacier
characteristics that were diﬃcult to measure using ground-based method (Paul et al.
2015). Using these techniques numerous studies have reported the status of glacier char-
acteristics at diﬀerent times and on diﬀerent scales (Paul, Kääb, and Haeberli 2007;
Bajracharya, Maharjan, and Shrestha 2014; Kulkarni et al. 2011; Thakuri et al. 2014; Pandey
and Venkataraman 2013; Bahuguna et al. 2007; Kaushik et al. 2018). Geographical extent and
terminus position of glaciers are the widely used parameters to assess the overall health of
the glaciers. In the last decade, signiﬁcant improvement in satellite image resolution,
evolution of Synthetic Aperture Radar Interferometry (InSAR), Light Detection and
Ranging (LiDAR), locally controlled remote sensing systems (UAVs, Drones) and Digital
Image Processing (DIP) algorithms have provided an opportunity for estimation of various
glacier parameters. The advancements have led to the estimation of glacier surface eleva-
tion change (Dobhal andMehta 2010; Rankl and Braun 2016), equilibrium line altitude (Garg
et al. 2017; Rabatel, Dedieu, and Vincent 2005; Rabatel et al. 2013), debris cover (Robson
et al. 2015; Shukla, Arora, and Gupta 2010; Racoviteanu and Williams 2012), surface ice
velocity (Kumar, Venkataramana, and Høgda 2011; Scherler, Leprince, and Strecker 2008;
Satyabala 2016; Rao, Venkataraman, and Rao 2004) and ice volume change (Surazakov and
Aizen 2006; Miller et al. 2009). Such studies employing a multi-parametric approach have
gained importance as they provide a comprehensive picture of glacier health. Historical
development of Himalayan glacier mapping is well-documented by Raina and Srivastava
(2008) and Bhambri and Bolch (2009). However, the present review is the ﬁrst attempt
devoted to the development in the algorithms and approaches for glacier mapping in the
Indian Himalaya.
1.2. Himalaya and climate change
The Himalaya has the largest glacier coverage and seasonal snow outside the polar
region. Accordingly, it is commonly referred as the ‘third pole’ (Bajracharya and Shrestha
2011; Dyhrenfurth 2011). Owing to this, Himalaya is a source of freshwater to a large
proportion of the population across south and central Asia (Figure 1). Therefore, the
Himalaya is one of the main driving force of economic development in downstream
regions, as it provides extensive opportunity for irrigation, hydroelectricity and eco-
tourism. Apart from being the water provider, the Himalayan glaciers and snow also
inﬂuence atmospheric circulation, energy balance and subsequently regulate climatic
changes of the Indian Sub-continent. The response of Himalayan cryosphere towards
climate change can be seen as a glacier recession and overall loss in the frozen part of
the region. Several studies report the alarming rate at which glaciers are retreating
across the Indian Himalaya (Kulkarni et al. 2005, 2011, 2007). One of the most striking
features in the Indian Himalaya can be seen as a result of glacial retreat is the evolution
and expansion of glacial lakes due to the recent accelerated atmospheric warming. Due
to such rapid recession of glaciers, associated catastrophic events such as glacial lake
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outburst ﬂood (Bajracharya, Mool, and Shrestha 2007), avalanche, rockfall and water
scarcity in the upper Himalaya villages are commonly reported (Kulkarni et al. 2002;
Kulkarni 2007). Although Mass balance studies across the Himalayan glaciers are limited
(Mukherjee et al. 2018; Brun et al. 2017; Kääb et al. 2012), most of these studies have
primarily focused on the ﬂuctuation of the glacier area and terminus (Table 1). In order
to understand the regional climate, mitigate glacial hazards, water resource planning
and predicting the future availability of water, it is indispensable, therefore, to study and
monitor the Himalayan glaciers precisely. Due to the presence of glacier in remote and
inaccessible mountain terrain (Paul et al. 2015), the geospatial techniques oﬀer the
advantage of synoptic view with repeat coverage in a cost-eﬀective method for mon-
itoring of glaciers. These advantages outweigh the ﬁeld-based conventional methods
that require enormous time, capital investment and involve huge manpower which is
exposed to enormous risks.
1.3. Aim of the present study
The objective of this article is to provide a review of the development of glacier mapping in
the Indian Himalaya with particular emphasis on the recent advances and development of
automated and semi-automated approaches/algorithms towards the delineation of debris
cover glaciers. Further, the challenges, limitations, and recommendations on glacier
Figure 1. Overview of glacier mapping studies in Himalaya.
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mapping using remote sensing data are discussed in detail. Moreover, the emerging area of
glacier mapping with special reference to Indian Himalaya are discussed.
2. Brief history of glacier mapping in Indian Himalaya
Antonio Monserrate, a Spanish missionary to the court of the Mughal emperor Akbar
presented the ﬁrst known sketch map of the Himalaya in 1590 (Himalayas – Study and
exploration; Encyclopedia Britannica 2019). Subsequently in 1733, a French geographer,
Jean-Baptiste Bourguignon d’Arvilleprepared the ﬁrst map of Tibet and the Himalayan
range based on systematic exploration (Himalayas – Study and exploration;
Encyclopedia Britannica 2019). Later, since its establishment in 1767, the Survey of
India (SOI) is involved in surveying and mapping of Himalayan glaciers. The record of
the earliest study conducted for movement of glacier terminus can be traced to 1812 for
Chong Kumdam (Ullah 1843; Mayewski and Jeschke 1979) and Milam glaciers (Mayewski
and Jeschke 1979; Hodgson 1822). Field-based surveying methods, especially plane
table survey contributed notably to the glacier mapping of the Himalayan region. For
example mapping of Mustakh range (Godwin-Austen 1864), Conway’s journey to the
Hisper glacier in 1892 (Conway 1893), numerous expeditions of Visser for Pasu and
Batura glaciers and Mason expedition to Shaksgam (Mason 1927; Shipton, Spender, and
Auden 1938) set the initial standards of comprehensive glacier studies. The ﬂaw in the
surveyed map of the glacier prepared by Godwin-Austen (1864) was reported by several
studies (Longstaﬀ 1908; Visser 1926). Based on the historical records, photographs and
notes (Mason 1930) reported the status of 34 glaciers in Karakoram range and summar-
ized notable glacier variations as secular (long-term), periodic (short term), seasonal and
accidental (Mayewski and Jeschke 1979). Mason (1930) advised training is required for
surveyors in recognizing glacier features and landforms. Additionally, he proposed
colour schemes and guidelines for mapping of glacio-geomorphic features on the SOI
maps. In 1932, Gilbert studied Arwa valley glaciers presently situated in the Chamoli
district of Uttarakhand (Gilbert and Auden 1935). Visser and Visser-Hooft (1938) reported
the state of 72 selected glaciers from the Karakoram Range. Most of their results were
drawn from (Mason 1927, 1930) and the expeditions carried out in 1922, 1925,
1929–1930 and 1935. This study advocated that glaciers of Karakoram Range were
advancing in 1900–1910 and retreating in 1910–1920. A study by Mercer (1963) also
exhibits glacier ﬂuctuation of 50 glaciers, 43 from Karakoram and 7 from Nanga Parbat
and categorized them as steady, cyclic and catastrophic (Mayewski and Jeschke 1979).
Tewari (1971) reported variation of 17 glaciers from Himalaya and Trans Himalaya. He
highlighted that in general glaciers of Himalaya are retreating with varying rates while
some glaciers in the Trans Himalaya showed remarkable advancement (Mayewski and
Jeschke 1979), which is presently known as the ‘Karakoram anomaly’. These studies
focused on the correction of the earlier Himalayan glacier maps with advanced techni-
ques and attempted to study glacier ﬂuctuations.
Comprehensive historical information about the extent of the Himalayan glaciers can
be traced back to the topographical map of 1960 prepared/published by the SOI using
aerial photographs and limited ﬁeld observation at 1:50,000 scale. Several studies
reported accuracy issues in these SOI maps speciﬁcally in the case of the debris-
covered glaciers (Vohra 1980; Agarwal 2001; Bhambri et al. 2011b; Raina 2009). Studies
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based on the SOI maps have reported a higher rate of retreat and loss of glacier than
actual owing to the excess length of glacier represented in the SOI maps (Kulkarni et al.
2011). Earlier discrepancies in the SOI maps were highlighted by Mason (1929). The
Geological Survey of India (GSI) initiated programmes to investigate the movement of
glaciers, as part of the Commission internationale des glaciers during 1906–1908. This
programme aimed to study 12 principal glaciers in Kumaun, Kashmir, and Lahul regions
in order to prepare plane table glacier sketches (Sangewar 2012).
3. Glacier mapping using remote sensing and GIS
The proliferation of satellite imageries with the advent of Landsat programme in 1972,
advancements in Global Positioning System (GPS) and emergence of Geographic
Information System (GIS) showed a great potential for glacier mapping and monitoring
(Gao and Liu 2001). This development was undoubtedly themost signiﬁcant in the history of
glacier mapping, as data from various sources can be incorporated in the GIS environment.
Further, advancement in technology helped to revolutionize our understanding of the past
glacier dynamics. Accordingly, the glacier mapping using remote sensing data broadly
involves two approaches manual and automated delineation of features. Therefore, this
paper ﬁrst reviews themapping of clean ice glaciers usingmanual and automatedmethods,
further mapping of debris cover glaciers is discussed separately in Section 3.2.
3.1. Manual delineation
Initially, delineation of glacier boundary started with the manual digitization on standard
false colour composites (FCC) of Landsat MSS imageries. This method is labour intensive and
needs excessive time. Owing to the subjectivity involved in themethod, it introduces human
error as recognition of glacier terrain feature on satellite imageries may diﬀer from analyst to
analyst based on the individual’s visual interpretation. Therefore, the accuracy of this
method depends on the expertise of the image analyst and scene characteristics (e.g.
seasonal snow, clouds and shadow). This method incorporates a standard combination of
spectral bands (e.g. SWIR, R, G) aided with image enhancement techniques (e.g. contrast
enhancement) and DEM derived parameters (e.g. Slope) which help to diﬀerentiate
between glacial and non-glaciated surfaces. For accurate identiﬁcation of glacier terminus
and extent, an association between geomorphic features such as the presence of moraine-
dammed lakes and steep ice wall at terminus play key role. For this purpose, satellite
imageries of the ablation period (e.g. September) with minimum cloud are considered
most suitable (Pandey and Venkataraman 2013). The manual delineation of the glacier is
still in practice though laborious, it has a high degree of accuracy especially when high
accuracy is required (Albert 2002; Garg et al. 2017).
The glacier inventory of Indian Himalaya was carried out using on-screen manual
digitization on standard FCC of satellite imageries (e.g. Landsat multispectral scanner
(MSS) and Indian Remote Sensing Satellite (IRS) LISS I/II) aided with SOI topographic
sheets by Kulkarni (1991), Kulkarni and Buch (1991), Dobhal (1992) Dobhal and Kumar
(1996), Kulkarni et al. (1999), Dhanju and Buch (1989), Kaul (1999). Several studies made
signiﬁcant contributions and set the momentum for Himalayan glaciers studies in India
(Dobhal, Kumar, and Mundepi 1995; Kumar and Dobhal 1994; Dobhal and Kumar 1997;
INTERNATIONAL JOURNAL OF REMOTE SENSING 6611
Mourya et al. 2002; Kulkarni 1993). The Space Application Center (SAC) completed
a glacier inventory for the entire Indian Himalaya at a scale of 1:250,000 in the early
1990s (Bahuguna 2008). Table 2 summarizes some signiﬁcant studies carried out to
investigate the glacier status in Indian Himalaya using manual digitization method.
3.2. Automated delineation
With the development of DIP techniques (i.e. computational techniques) and improved
image resolution (i.e. spatial and spectral), automated delineation of glacier boundary
gained importance in order to facilitate fast and accurate glacier mapping. Band ratio
methods (e.g. Normalize Diﬀerence Snow Index (NDSI) and single band ratio) emerged
as the most competent method for glacier delineation (Kääb et al. 2002; Shangguan
et al. 2006; Albert 2002). These methods are fast, accurate and robust with high
reproducibility of results. The automated delineation of clean ice glacier relies heavily
on the high reﬂectivity of snow and ice in the visible and near-infrared region wave-
length compared with very low reﬂectivity in the shortwave infrared (Figure 2) (Li et al.
2013b; Bhardwaj et al. 2015; Racoviteanu et al. 2009). Several studies reported delinea-
tion of clean ice glacier using above-mentioned techniques (Racoviteanu et al. 2009;
Bhardwaj et al. 2015; Bhambri, Bolch, and Chaujar 2011a; Krishna 2005; Frey, Paul, and
Strozzi 2012; Paul and Kääb 2005). Further, these studies suggested slight modiﬁcations
in the threshold of band ratio according to the scene characteristics (e.g. topography,
sun position, and haze). The NDSI algorithm is applicable to diﬀerentiate clean to slight
dirty ice from surrounding bedrock owing to its dissimilar spectral signature.
However, in the presence of shadow and/or clouds and/or seasonal snow and/or
creeping feature in cold dry region, this remains a challenging task (Frey, Paul, and
Strozzi 2012). Furthermore, spectral response of supraglacial debris (SGD) present on the
glacial surface and periglacial debris (PGD) occurring outside glacier boundary is indis-
tinguishable in reﬂectance region being derived from a common source (Shukla, Arora,
and Gupta 2010) (Figure 3). Therefore, their discrimination is impossible with optical
remote sensing, alone. Hence, approaches and methodologies are required to map
debris-covered glaciers. These are discussed in Section 3.2.
Table 1. Overview of some signiﬁcant studies shown in Figure 1.
S. No. Author Study area
1 Bhambri et al. (2011b) Alaknanda basin, Gharwal Himalaya
2 Bhardwaj et al. (2014) Patsio glacier, Himachal Himalaya
3 Robson et al. (2015) Mansalu region, Nepalese Himalaya
4 Bhardwaj et al. (2014) Hamtah glacier, Himalchal Himalaya
5 Kulkarni et al. (2006) and Shukla et al. (2010a) Samudra Tapu glacier, Himalchal Hiamalya
6 Pandey and Venkataraman (2013) Chandra-bhaga basin, Himachal Himalaya.
7 Racovitneau et al. (2014) Kanchenjunga, Sikkim Himalaya
8 Garg et al. (2017) Chandra basin, Himachal Himalaya
9 Kulkarni et al. (2011) Miyar basin, Himachal Himalaya
10 Kulkarni et al. (2005) Parbati glacier, Himachal Himalaya
11 Dhobal et al. (1995) and Garg et al. (2017) Chhota-shigri glacier, Himachal Himalaya
12 Basnett et al. (2013) Tista basin, Sikkim Himalaya
13 Bhambri et al. (2011a) Gangotri glacier, Garhwal Himalaya
14 Bhambri et al. (2011a) Chorabari glacier, Garhwal Himalaya
15 Shukla and Ali (2016) Kolahoi glacier, Kashmir Himalaya
16 Murtaza and Romshoo (2017) Lidder valley, Kashmir Himaalaya
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3.3. Mapping of debris cover glacier
The presence of debris in Himalaya is commonly attributed to debris-laden ice avalanche
and rockfall on glacier surface from steep surrounding slopes (Shroder et al. 2000). Previous
studies (Paul et al. 2015, 2013) have reported errors involved in glaciermapping isminor due
to the algorithm used when glaciers are heavily debris covered. Therefore, the presence of
debris on the glacier has been recognized as a major constraint in glaciological studies (Paul
et al. 2015; Shukla, Arora, and Gupta 2010). Mapping of debris-covered glaciers is important
for the accurate determination of the spatial coverage of glaciers and for further applica-
tions which requires glacier area as an input component (Racoviteanu et al. 2009). The
literature suggests that various studies have been carried out with a view to map debris
cover glaciers using semi-automated or automated approach. Section (3.3.1–3.3.5) provides
insight into signiﬁcant semi-automated and automated techniques developed for debris
cover delineation where studies carried out in other parts of the world (e.g. Andes and Alps)
have also been referred to understand more vividly the recent advances in the domain. To
highlight the crux of each of these techniques, they are classiﬁed into ﬁve categories viz. i)
Supervised and unsupervised techniques, ii) Combination of multiple datasets, iii) ANN and
CNN, iv) Object-Oriented Image Analysis and v) Others.
3.3.1. Supervised and unsupervised classiﬁcation techniques
Generally, supervised classiﬁcation has the following stages – training, feature selection,
allocation and testing (Shukla, Gupta, and Arora 2009; Arora and Foody 1997).
Supervised and unsupervised classiﬁcation techniques are utilized by various studies
to delineate glacier boundaries (Aniya et al. 1996; Bronge and Bronge†* 1999; Sidjak
1999; Shukla, Gupta, and Arora 2009). Here we have tabulated a (Table 3) the summary
of some signiﬁcant studies carried out with a view to delineate glacier boundary using
supervised classiﬁcation.
All studies discussed above have demonstrated the potential of supervised classiﬁcation
for glacial terrain mapping. Although the distinction between SGD and PGD remains
a challenge as both have a similar spectral signature. Most of these studies (Table 3) applied
classiﬁcation scheme over the small geographical regions. However, this does not present the
method as robust enough for fast and accurate glacier mapping. For the Indian Himalaya
(Shukla, Gupta, and Arora 2009) showed the applicability of supervised classiﬁcation for land
cover classes in the glacial terrain in parts of Chenab basin using topographically corrected
IRS-1C LISS III and IRS-P6 AWiFS remote sensing data. They used the Maximum likelihood
classiﬁer with standard FCC of B2, B4, B5 for supervised classiﬁcation. A total of six land cover
classes in the glacier terrain were reported, namely i) snow, ii) ice, iii) mixed ice and debris, iv)
debris, v) valley rock, and vi) water. The study reports high (82% to 95%) accuracy for the
above-mentioned techniques. However, the methodology failed to prove its robustness, as
the researchers demonstrated this over a very small geographical region (e.g. <100 k2). The
study does not account for the complexity of glacial terrain (e.g. glacial lakes, shadow, cloud,
and steep ice walls), these are not exclusively incorporated in this study.
3.3.2. Combination of multiple datasets
Owing to the spectral similarity between SGD and PGD, optical remote sensing is unable
to distinguish between them. Hence, considering this particular aspect various studies
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adopted a combination of datasets (e.g. Topographic, thermal and optical) to diﬀerenti-
ate between SGD and PGD (Bhambri et al. 202011a11a, 2011b; Bhardwaj et al. 2014;
Bishop et al. 2001; Bolch et al. 2007; Bolch and Kamp 2006; Bolch, Menounos, and
Wheate 2010; Karimi et al. 2012; Paul, Huggel, and Kääb 2004; Ranzi et al. 2004; Shukla,
Gupta, and Arora 2009; Shukla, Arora, and Gupta 2010; Taschner and Ranzi. 2002;
Zollinger 2003). All of these studies took advantage of varied datasets (thermal band
and geomorphometric parameter) in order to demarcate glacial boundary more pre-
cisely with a robust genetic interpretation. In order to understand the essence of each
technique, we have discussed these one by one.
The work of (Bishop et al. 2001) demonstrated the capability of terrain characteristics
for mapping glacier boundary and their results proved to be better while excluding the
aspect. The study inferred that slope and aspect can be used for manual mapping of
alpine glaciers. Overall the methodology of this study is promising. Nevertheless, it has
several inaccuracies especially at the terminus; therefore the basic idea of Bishop et al.
(2001) is also exploited by others. Taschner and Ranzi. (2002) heralded a new era of
glacier mapping, as after several ﬁeld observations their study successfully demon-
strated thermal contrast between the ice-cored debris (SGD) and pure debris (PGD). To
map glacier outline in Italian Alps clean ice was extracted using segmentation of ratio
images aided with additional information on Normalized Diﬀerence Vegetation Index
(NDVI). The thermal band was used to extract ice-cored debris pixels (SGD). However, the
results could not exactly reproduce the information of reference data, especially the
boundary at the terminus. After ﬁeld investigation, they concluded that the presence of
thick debris layer may act as an insulator for cooling ice which sets the limits for infrared
radiometer to record thermal gap between ice-cored debris (SGD) and pure debris
(PGD). Overall this study demonstrated the capabilities of the thermal band for demar-
cation of the boundary between ice-cored debris pixels and pure debris pixels. Further
improvement in the spatial resolution of the thermal band could improve the classiﬁca-
tion accuracy. Ranzi et al. (2004) also investigated the temperature gap between ice-
cored debris and pure debris for Belvedere Glacier. Field measurements and energy
balance modelling manifest that the surface temperature of the debris layer super-
imposed over ice (SGD) are 4.5°C colder on average than debris present outside the
glacier (PGD). The methodology adopted for glacier delineation in this study is quite
similar to (Taschner and Ranzi. 2002) as clean ice was extracted with segmentation of
ratio images. Further ﬁlters such as NDVI and thermal mask were used to narrow the
fraction of candidated ‘ice-cored debris’ pixels. Finally, low pass and contextual ﬁltering
were applied considering the already detected glacier areas. This study emphasizes the
temperature diﬀerence which exists between SGD and PGD over a large geographical
region. These two studies laid the foundation for several other studies that have under-
taken to map SGD and PGD on the basis of temperature diﬀerence. Although lower
resolution of thermal band sets the limit for such an approach, both studies have shown
uncertainty in results especially where thick debris is present and boundary between
SGD and PGD was smooth. Even with such limits, both these studies have convincingly
introduced the idea that signiﬁcant temperature diﬀerences exist between SGD
and PGD.
The study reported by Zollinger (2003) presented a multidimensional approach for
mapping of debris cover glaciers in parts of the Mount Everest. It takes the advantage of
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multispectral classiﬁcation, slope, and ﬁlters, similar to the previous studies that have
shown the potential of multispectral image classiﬁcation and morphometric character-
istics for mapping debris cover glacier. The study by Paul, Huggel, and Andreas (2004)
presented a semi-automated multisource approach for mapping debris cover glacier in
parts of the Swiss Alps using Landsat data. This study was an attempt to integrate the
advantages of multispectral remote sensing and DEM derived parameter (i.e. slope).
Clean glacier ice and vegetation were extracted with automated multispectral classiﬁca-
tion whereas the debris cover was extracted with slope information (0–24°). Further
neighbourhood-analysis was performed in order to improve the results (glacier/debris
map). In such approaches threshold slope have to be used precisely. However, this study
incorporated only one glacier as a test site (Figure 4(a)) and the accuracy of this method
is dependent on some degree of manual correction. Consequently, the primary idea of
the study could not be replicated. Bolch and Kamp (2006) followed a methodology
which uses multispectral image analysis using segmentation of ratio images (TM4/TM5)
Figure 2. Reﬂectance spectra of diﬀerent snow and ice surfaces (Hall and Martinec 1985).
Figure 3. (a) Generalized cross-section of a typical valley glacier showing glacier boundary as
a boundary between supraglacial and periglacial debris, ﬁgure courtesy of (Shukla, Arora, and
Gupta 2010) (b) Shows the spectral similarity between supraglacial debris (SGD) and periglacial
debris (PGD). VRK, valley rock; MID, mixed ice and debris.
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Figure 4. Results of some semi-automated approach for debris cover delineation using
a combination of multiple dataset. (a) Debris cover glacier boundary delineated via semi-
automated algorithms using multispectral imagery and DEM derived parameter (Paul, Huggel, and
Andreas 2004), (b) Debris cover glacier boundary delineated using synergistic approach (Shukla,
Arora, and Gupta 2010), (c) Glacier boundary extracted using hybrid CNN+ Radom forest (RF)
approach (Nijhawan, Das, and Balasubramanian 2018), (d) Overlay of glacier boundary delineated
using combination of optical and thermal data over high resolution satellite imagery (Karimi et al.
2012), (e) glacier boundary obtained via semi-automated approach, utilizing input from optical,
thermal and surface curvature (Bhardwaj et al. 2014). This ﬁgure illustrates, most of the studies
demonstrated a semi-automated approach for debris cover delineation on very small geographical
area (i.e. 1or two glaciers) which reduces the involved complexity of glacial terrain.
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followed by elimination of misclassiﬁed pixels from NDVI for delineation of clean ice.
Further supra-glacial debris was mapped using morphometric glacier mapping (MGM)
approach that focuses on curvature characteristics. However, this study explicitly stated
that accuracy of the method is limited by on the resolution and quality of DEM and
glacial surface features. This study demonstrates the potential of surface curvature for
glacier mapping, which was further exploited by several studies.
The study reported by Bolch et al. (2007) takes the advantage of previous ﬁndings,
e.g. (Paul, Huggel, and Andreas 2004; Taschner and Ranzi. 2002; Ranzi et al. 2004; Bolch
and Kamp 2006) which showed the potential of morphometric parameters and thermal
band for glacier mapping. This study demonstrated a novel automated approach for
delineation of debris cover glacier boundary in parts of Nepal Himalaya, which combines
ASTER thermal information with DEM derived parameters (e.g. slope gradient, plan
curvature and proﬁle curvature). However, the methodology is limited to the larger
glaciers (e.g. Khumbu glacier, Nepal Himalaya) and major constraint of the methodology
is the presence of stagnant ice present at the distal part which is even diﬃcult to
distinguish in the ﬁeld. Bhambri et al. (2011b) demonstrated glacier ﬂuctuation in the
upper Bhagirathi and Saraswati/Alaknanda basins of the Garhwal Himalaya from 1968 to
2006. In order to study these changes researchers have adopted a modiﬁed classiﬁcation
scheme of the Global Land Ice Measurements from Space (GLIMS). First of all clean ice
glacier is mapped using ratio image (NIR/SWIR) segmentation. Then, the misclassiﬁed
pixels such as shadow, waterbodies, and isolated rocks are removed manually.
Morphometric and thermal information is used to assist manual delineation of debris
cover glaciers over ASTER imagery. Finally, the glacier boundary is established using
high-resolution satellite data (e.g. Cartosat1 and LISS IV). This study also highlighted the
enormous challenge posed by stagnant ice from active debris cover ice at the terminus.
(Shukla, Gupta, and Arora 2010) exploited a combination of optical and thermal
remote sensing data using multispectral classiﬁcation for a delineation of debris cover
glacier in parts of Chenab basin, Himalaya. This study demonstrated the methodology
on a very small geographical region (<100 km2) which limits its robustness. As reprodu-
cibility of such work is quite low because lots of complexities may occur due to the
heterogeneity of glacial terrain. Shukla, Arora, and Gupta (2010) followed a synergistic
approach for glacier mapping in over same study region which utilizes the advantage of
optical, thermal remote sensing data, multispectral classiﬁcation along with DEM derived
parameters. Overall this study made the ﬁrst attempt to combine all these datasets for
glacier mapping. This approach utilizes integrated optical and thermal datasets followed
by multispectral classiﬁcation and ﬁnally, the DEM derived parameters were used to
evaluate the results. The study shows promising results when compared with reference
dataset. However, the study incorporates very small geographical region as shown in
Figure 4b, as a test site (i.e. one glacier) with multiple processing. Therefore, such
approach has limited application for a fast and accurate glacier mapping over large
geographical regions and cannot be considered as robust semi-automated method for
glacier mapping in complex mountains terrain like Himalaya.
A similar approach is followed by Karimi et al. (2012) which uses Worldview-2,
Landsat-TM (TIR band) and LiDAR data for delineation of Alamkouh glacier in Iran.
Owing to the temperature diﬀerence in SGD and PGD, the glacier is segregated into
a shaded and illuminated area. Thus, supervised classiﬁcation was applied on shaded
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and illuminated part separately to map clean ice glacier and neural network classiﬁca-
tion was used to delineate debris cover part of the glacier. This study is similar to several
previous studies that have already shown the potential of thermal and optical data for
debris cover glacier mapping. Regardless of this, the study is limited by the applicability
of the proposed approach over large geographical regions (Figure 4(d)). Bhardwaj et al.
(2014) presented a semi-automated approach for mapping of debris cover glaciers,
namely, Hamtah and Patsio located in the Himachal Himalaya. In their approach,
supraglacial debris was extracted using a thermal mask and the extent of clean ice
was generated using thresholding of ratio images. Further, a cluster analysis technique
was used in order to rearrange the morphometric parameters (eg. slope, plan curvature,
and proﬁle curvature) and the glacier boundary was established using the GIS overlay
operation based on spatial correspondence. The results of this approach match well with
manually delineated glacier boundary. However, the study deals with only two glaciers
of a relatively small geographical area as a test case (Figure 4 E) and so this methodol-
ogy could not be taken as the generalized methodology for debris cover glacier map-
ping. Of course, the results are promising and better replication of such a methodology
requires deeper analyses of datasets and precise modiﬁcation in the thresholds.
3.3.3. Object-oriented image analysis
Recent advances in computer technology have led to the development of object-
based image analysis (OBIA; (Blaschke 2001). The OBIA combines functionalities of
older techniques of segmentation, edge detection, feature extraction in a GIS envir-
onment for extraction of information from remotely sensed data (Blaschke 2010).
Working on the object-level facilitates with the combined use of spectral, spatial,
textural and hierarchical properties makes this methodology promising for classiﬁca-
tion of remotely sensed data (Robson et al. 2015). OBIA also allows integration of
multiple datasets (e.g. Optical, Thermal and DEM derived parameters) while working
on near homogeneous objects. Therefore, several studies could successfully demon-
strate the delineation of debris cover glaciers within in an object-based environment
(Rastner et al. 2014; Bajracharya, Maharjan, and Shrestha 2014; Bajracharya and
Shrestha 2011; Robson et al. 2015; Li, Bao, and Huang 2013; Biddle 2015; Jawak,
Jadhav, and Luis 2016).
(Rastner et al. 2014) presented a comparative study of PBIA and OBIA for debris cover
classiﬁcation in three test regions, namely: Coasta Mountains of Canada, Watkin range of
Greenland, and Nepal Himalaya. In both approaches, clean ice region was extracted
using segmentation of ratio images while debris cover part was identiﬁed using tem-
perature and slope threshold. The study demonstrates a slightly better accuracy of OBIA
than PBIA. Unlike OBAI, the limitation of PBIA is mainly due to an error of commission
which requires extensive post-processing. The OBIA has the advantage of post-
processing (e.g. neighbourhood analysis and merging of all objects to relevant object)
over PBIA which signiﬁcantly improves the ﬁnal classiﬁcation. This study also infers that
OBIA is more appropriate for mapping of large glaciers rather than small. The novelty of
this approach lies in the comparison of OBIA and PBIA in three diﬀerent test regions that
implies a higher accuracy of OBIA over PBIA. However, the accuracy of OBIA is limited by
the high spatial resolution of satellite imagery. The high-resolution data (<30 m) is
required in order to map small glaciers and attain high accuracy. Glacier inventory of
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the Hindukush Himalaya (Bajracharya and Shrestha 2011) has been done using the semi-
automated approach for delineation of clean ice (CI) and debris covered (DC) glacier
using OBIA analysis. Clean ice glaciers were identiﬁed by applying the NDSI threshold
based on the histogram, visual judgment, and sampling values. In order to remove any
misclassiﬁed objects of shadow, waterbodies and bare rocks various ﬁlters were used
(e.g. NDVI, hue, slope, and land-water mask (LWM)). Similarly, debris cover glaciers were
extracted from the remaining unclassiﬁed image using slope and elevation thresholds.
The results were reﬁned using manual correction over high-resolution data. As this study
applied the same methodology over the entire Hindu-Kush Himalaya and their results
were consistent with previous studies. Hence, the replication of this approach is
expected to yield better results. However, the amount of manual correction required
is not known and need further work on this (Robson et al. 2015). Another study by Li,
Bao, and Huang (2013) delineated full extent of debris cover glacier in the parts of
eastern Tienshan Mountain using object image segmentation. This approach is also
based on NDSI segmentation and terrain analysis in an object-based environment. The
clouds and shadows are removed by merged multi-temporal images. The results of the
presented methodology match well with the reference data that was prepared using
manual delineation over high-resolution data (SPOT 5). However, the proposed metho-
dology is challenged by the shadow and cloud identiﬁcation whereas the complication
related to the debris cover is not addressed by the researchers.
In recent studies (Frey, Paul, and Strozzi 2012; Robson et al. 2015; Saraswat et al.
2013) the potential of Synthetic Aperture Radar (SAR) for diﬀerentiating supra-glacial
debris and peri-glacial debris have been exploited using coherence patterns between
SAR images. Robson et al. (2015) reported an automated classiﬁcation schema for
debris cover glacier in parts of Mount Everest, Nepal Himalaya. They used OBIA
capabilities for glacier mapping using optical, SAR coherence and topographic data.
Their methodology provided an overall accuracy of 91% while it was 93% for clean ice
and 83% for debris part. This novelty of the study lies in the fact that it attempts to
address the problem over large geographical regions for fast and accurate glacier
mapping. Moreover, the study exploits the capabilities of OBIA using SAR coherence,
optical and topographic data which were not considered in earlier studies. One of the
most striking features of the study is that it demonstrates the potential of SAR data in
diﬀerentiating active ice from stagnant ice. Hitherto, this was a major challenge with
the identiﬁcation of stagnant ice present at distal part of the glacier. However, this
methodology had some serious limitations such as steep slope valley, ﬂowing surface
water, rock slide, and vegetation. This methodology oﬀers an implicitly robust way for
mapping of large-scale heavy debris cover. Jawak, Jadhav, and Luis (2016) reported
mapping of supraglacial debris in the Schirmacher Oasis, East Antarctica using high-
resolution satellite data (e.g. WorldView-2). As the study has been carried out in a polar
region, the challenges encountered were quite diﬀerent from the Himalayan and any
other mountainous region (i.e. diﬀerential amount of debris present and gentle
topography as compared to mountainous region). The spectral properties of the debris
in that region are very similar to that of blue ice or snow. However, the study reported
supra-glacial debris extraction using object-oriented rule set and the results were
extremely promising (~93% accuracy) as compared to traditional pixel-based classiﬁ-
cation (eg. supervised classiﬁcation). As stated above the challenges confronted in this
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region are quite diﬀerent from the Himalayan region. However, the study shows the
potential of OBIA for mapping supraglacial debris using high spatial and spectral
capabilities of WV-2 data.
3.3.4. ANN and CNN approach
Applicability of artiﬁcial neural network (ANN) classiﬁer for estimation of debris over
Himalayan glaciers is reported by several studies (Bishop, Shroder Jr, and Hickman 1999;
Garg et al. 2017; Nijhawan, Das, and Balasubramanian 2018). Bishop, Shroder, and
Hickman. (1999) demonstrated the utility of ANN for the identiﬁcation of supraglacial
debris in parts of Nanga Parbat, Pakistan using high-resolution satellite imagery (e.g.
SPOT 5). This study incorporates a simple three-layer feed-forward network using the
backpropagation learning algorithm for identifying spatial reﬂectance variation in the
complex mountain environment. The results show that ANN outperformed the ISODATA
algorithm. The results could be further improved by exploiting a larger training sample
size. This study lays the foundation for ANN utilization in recognizing spatial reﬂectance
variation in complex mountain terrain. Garg et al. (2017) reported supra-glacial debris
classiﬁcation using ANN in parts of Chandra basin, Himachal Himalaya. In order to
extract supra-glacial debris well-deﬁned and well-distributed training sets were used
and the three-layer ANN model was iteratively optimized to ﬁnd the most suitable
parameters. However, the amount of manual correction applied at the post-processing
stage made the interpretation of accuracy diﬃcult.
More recently, deep learning has become popular among earth scientists and is
applied to solve numerous outstanding research problems, including glacier mapping
and characterization (Castelluccio et al. 2015). A study reported by Nijhawan, Das, and
Balasubramanian (2018) demonstrates the novel hybrid deep learning framework
approach for delineation of supra-glacial debris in parts of Alaknanda basin,
Uttarakhand. Their presented approach utilizes multi-phase deep learning and random
forest framework by the ensemble of CNN’s (CNN-A, CNN-B, and CNN-C). These use
combinations of Landsat 8 multispectral bands, texture and topographic parameters as
input. This study is novel in the sense that it uses deep learning algorithms for glacier
classiﬁcation. More work is required in order to apply it on large scale, as the authors
could demonstrate its applicability over small scale (i.e. one glacier, <200 Km2, Figure 4
(c)) for fast and accurate automated glacier mapping.
3.3.5. Others
This section highlights other signiﬁcant techniques used for glacier mapping such as
Decision Tree Algorithm (DTA), Texture Analysis (TA) and Hierarchical knowledge-based
classiﬁcation. Racoviteanu and Williams (2012) followed a comparative study of DTA and
TA for mapping debris cover glacier in parts of eastern Himalaya. DTA classiﬁes an image
into classes by series of binary decisions. The researchers have used multispectral
capabilities of ASTER (e.g. NDVI, NDSI, and hue), topographic characteristics (e.g. slope,
elevation) and surface temperature to express condition with the threshold for DTA.
Results of DTA were compared with debris cover outline extracted from a high-
resolution imagery (e.g. quick bird) and a diﬀerence of 25% was found. However, this
diﬀerence can be attributed to the diﬀerence in acquisition time of both datasets (e.g.
ASTER-November 2001 and quickbird-January 2006). The study explicitly stated
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inaccuracies of the proposed methodology in areas of shadow, thick debris cover and
cloud cover, which requires manual correction. On the other hand, results of the TA
show a general agreement with DTA with a diﬀerence of 8% in areal extent. The
followed approaches (e.g. DTA and TA) imply some serious limitation and challenges.
As DTA requires extensive post-processing in order to obtain high accuracy. On the
other hand, TA is limited by the fact that selected (ROIs) may not be the representative
of all classes which leads to classiﬁcation error. The essence of their study lies in the
attempt to develop a methodology which can facilitate automated delineation of debris
cover glacier in complex mountain terrain (i.e the Himalaya). The study reported by
Shukla and Ali (2016) demonstrated a hierarchical knowledge-based classiﬁcation (HKBC)
approach for mapping of debris cover glacier in parts of Kashmir Himalaya using ASTER
imagery and DEM. The proposed HKBC used several input layers from optical (e.g. NDSI,
normalized-diﬀerence debris index (NDDI), Normalized-diﬀerence water index (NDWI)),
topographic (e.g. slope) and thermal ASTER data. The results of the study (overall
accuracy 89%) are promising and the researchers have argued that the results of
HKBC are better than MLC and visual interpretation. However, without comparing the
results obtained from HKBC with reference data (i.e. glacier boundary obtained from
manual digitization over high-resolution data), it is diﬃcult to agree with the authors
claim. Moreover, the study does not incorporate a large geographical region as a test
site, which limits the robustness of the proposed approach.
4. Discussion
4.1. Existing approaches and emerging area of research
The fast and accurate delineation of glacier boundary in the Himalayan region still
remains a challenging task mainly due to the presence of supraglacial debris, perennial
and/or seasonal snowﬁelds, dead ice, shadow, identiﬁcation of ice summit and clouds
(Racoviteanu et al. 2009; Paul et al. 2013). Several authors (Aniya et al. 1996; Bajracharya
and Shrestha 2011; Bishop, Shroder, and Hickman. 1999; Bishop, Shroder Jr, and Ward
1995; Bolch et al. 2007; Frey, Paul, and Strozzi 2012; Paul, Huggel, and Andreas 2004;
Robson et al. 2015; Shukla, Arora, and Gupta 2010; Shukla, Gupta, and Arora 2010;
Bhardwaj et al. 2014; Ranzi et al. 2004; Karimi et al. 2012) have adopted diﬀerent
techniques for semi-automated delineation of debris cover glacier viz. (ANN,
Supervised classiﬁcation, Integration of multiple data sets, CNN+RF, DTA and TA).
However, the majority of these studies do not have the required accuracy and have
relied to some degree of manual interpretation (Paul et al. 2015). The exact demarcation
of glacier boundary can be diﬃcult even using geophysical techniques in the ﬁeld (Paul
et al. 2015). Further, most of these studies are limited by their application over small
geographical regions and only a small number of glaciers (<5) are analysed (Robson
et al. 2015). This leaves outstanding issues and questions on their usage and applicability
to larger regions. The basic idea behind most of these studies was the combination of
several datasets (e.g. optical remote sensing data, topographic data, temperature data,
and InSAR coherence data). The most promising results (96% and 91% accuracy) were
reported by Nijhawan, Das, and Balasubramanian (2018), Robson et al. (2015) using
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novel hybrid deep learning framework approach and OBIA. However, except (Robson
et al. 2015) none of them could achieve higher accuracy over large geographical regions.
Till date, there is no method devised which can facilitate higher accuracy over the
large geographical region and reduced amount of cost, time and eﬀort. Therefore, the
development of algorithms which could facilitate fast and reliable glacier mapping is the
need of the hour. The application of hybrid deep learning framework approach (e.g. CNN
+Random forest approach) needs to be explored extensively. Moreover, potential of
InSAR for glacier delineation require focused eﬀorts. Previous studies have introduced
the basic idea and its implementation over large regions is required.
The remarkable development in drone technology provides an eﬃcient means to
study mountain glacier (2018). UAVs helps to bridge the gap between ﬁeld observations
in a hostile environment and coarser-resolution satellite imagery (Immerzeel et al. 2014;
Bhardwaj et al. 2016). Thereby, UAV based glaciological studies (2018; Fugazza et al.
2018; FUGAzzA et al. 2015; Immerzeel et al. 2014; Kraaijenbrink et al. 2016) are gaining
pace in recent years as UAV have all the functionalities necessary for their practical
applications for glaciological mapping and studies. UAVs have several advantages over
conventional remote sensing platforms such as very high spatial resolution, capability to
carry various types of payload and convenience in the choice of data acquisition period
(Bhardwaj et al. 2016). UAVs datasets have numerous application in glaciology, single
orthomosaics accompanied by DEM (2018) can be used to map glacial surface feature
(i.e. debris, ice, and snout). Whereas time series data can facilitate quantiﬁcation of
surface ﬂow velocity, glacier volume, snout elevation change and glacial hazards risk
assessment (Kraaijenbrink et al. 2016; Immerzeel et al. 2014; Fugazza et al. 2018). The
estimation of glacier ﬂow velocity is typically limited by the pixel size of satellite
imagery, as it is signiﬁcantly larger than seasonal and even annual surface velocity of
Himalayan debris-covered glaciers (Kraaijenbrink et al. 2016). Whereas, UAVs high reso-
lution data can provide spatio-temporal variation in ﬂow velocity, mass balance and
spatial extent at a smaller scale. Thus, such comprehensive knowledge could provide
insight into heterogeneous behaviour of Himalayan glaciers (Immerzeel et al. 2014).
There is no speciﬁc study which is dedicated to glacier mapping in Himalaya using UAV
platform. Although several studies (Whitehead, Moorman, and Hugenholtz 2013; Whitehead
2013; Immerzeel et al. 2014; Miles et al. 2016; Kraaijenbrink et al. 2016) have shown the
potential of UAVs in glaciological studies.Whitehead (2013) exploited the possible application
of UAV’s in glaciology and generated orthophotos of the terminus region of glacier tomonitor
the recent pattern of ice loss. For the ﬁrst time (Immerzeel et al. 2014) used a UAV over the
Himalaya. High-resolution ortho-mosaics and digital elevation models were prepared using
stereo imaging and the structure from Motion (SfM) algorithm. The study reports surface
velocity and mass loss of the glacier at a very high spatial accuracy. Moreover, the role of
ponds and cliﬀs were discussed in detail in the overall melt of debris-covered terminus of
Himalayan glaciers. This study provides a comprehensive picture of UAV’s capabilities in
glacier mapping and studies, as high-resolution DEM and high spatial resolution imagery
can improve signiﬁcantly the paradigm of glacier mapping. Similarly (Miles et al. 2016;
Kraaijenbrink et al. 2016) usedUAVplatform in theHimalaya to study seasonal surface velocity
of Lirung glacier, Nepal Himalaya and energy-balance modelling of Langtang Khola, Nepal
Himalaya. TheUAV’s deployment in glaciology has showngreat potential and thismay further
revolutionize the methods and approaches currently applied in studying glacier surface
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features. In general UAV imagery outweigh satellite-derived products in terms of resolution
and accuracy, thereby deployment of UAV as a platform for glacier mapping and studies has
tremendous potential and it may revolutionize the current state of glacier mapping.
4.2. Errors associated with glacier mapping
As the present focus is towards fast and accurate delineation of glaciers in the Himalaya,
therefore evaluation of associated errors bears prime importance. Estimation of errors
would help to draw a signiﬁcant inference from the study. However, the detailed
description of associated errors and guidelines for quality assessment have been the
subject of recent studies (Paul et al. 2013, 2017). The major sources of error are (i)
location error (GPS and geocoding), (ii) scene characteristics (e.g. presence of seasonal
snow), (iii) sensor characteristics, (iv) DEM, (v) algorithm applied and (vi) interpretation
error (Paul et al. 2017). Qualitative methods for determining uncertainty in glacier
boundary is buﬀer method which is commonly used. In this method buﬀer equal to
image registration error is created in and outside the glacier boundary (Granshaw and
Fountain 2006). In the absence of reference datasets, multiple digitizations of selected
glaciers with diﬀerent geometry and estimating the standard deviation of digitization for
accuracy assessment is recommended (Paul et al. 2013). As a measure of the quantitative
method, the accuracy assessment of glacier boundary can be performed by comparison
with reference datasets (Paul et al. 2017).
4.3. Recommendations
Over a large geographical region, semi-automated mapping of debris-cover glacier is
advisable followed by ﬁnalization of glacier boundary manually using very high spatial
resolution data. An integrated approach using surface slope, temperature, and SAR
coherence has great potential in the mapping of debris-cover. Potential of machine
learning algorithms (e.g. CNN and RF) and InSAR data need to be explored for auto-
mated glacier delineation as a step ahead towards the ongoing eﬀorts. As one of the
spectacular eﬀects of global warming can be seen in the expansion and evolution of
glacial lakes. The present eﬀorts should be directed in utilizing such natural resources.
Use of high-resolution DEM is not always advisable because of the noise in the data and
the additional features that become visible. In such cases, terrain smoothing may be
useful before applying the algorithms (Racoviteanu et al. 2009).
5. Conclusion
Finalization of the glacier boundary still depends largely on visual interpretation over high-
resolution data, especially when higher accuracy is required. OBIA is quite useful while
working with high or very high-resolution imagery, where an object of interest are usually
larger than pixel size (Robson et al. 2015). Other than this, UAV’s and SAR images have shown
great potential for glacier mapping especially in rugged mountains such as the Himalaya. As
a matter of emerging research area ‘machine learning algorithms’ are going to play a very
signiﬁcant role in near future, as the training of large sample size with multiple datasets (e.g
optical, thermal, topographic and SAR) can improve present state of automated glaciers
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mapping. As a concluding remark, it is stated that glacier mapping has great signiﬁcance in
studying earth surface processes, understanding paleoclimate, impact of present climate,
estimating and modelling the glacier dynamics and numerous other earth processes
impacted by glacial dynamics. Therefore, accurate mapping of glaciers is imperative. So far
several approaches and algorithms have shown potential for semi-automated delineation of
debris cover glacier boundary; however, none of these have required accuracy. Further
research is needed in this front, in order to develop a generalized semi-automated/auto-
mated algorithm or approach which can facilitate fast and accurate glacier mapping.
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